Single particle ICP-MS (spICP-MS) has gained great influence in the analysis of engineered nanoparticles (NPs) due to its simplicity, speed and ability to obtain a particle number size distribution. Despite its many advantages, the method is hampered by matrix effects affecting the sensitivity of the instruments.
Introduction
The widespread and continuously growing use of nanomaterials has led to a variety of regulations with a need for highly specic analysis methods. In 2011, the European Commission released a recommendation on the denition of nanomaterials. This denition states that at least 50% of the particles need to be in the range between 1 and 100 nm in at least one of their dimensions.
1 As a consequence, highly sensitive analytical methods with the ability to determine the number-size distribution are needed. Another challenge is the wide variety of nanoparticle (NP)-containing products, for example creams, polymers, and dietary supplements. For their investigation, matrix-tolerant and -independent analysis methods need to be developed.
Inductively coupled plasma-mass spectrometry (ICP-MS) is well recognized for its unique features in the trace and ultratrace determination of elements and elemental species. In recent years, this analytical technique has entered the eld of nanomaterial analysis as a valuable tool for the detection of metal-containing NPs. 2 Besides being able to determine the total metal concentration in fractions of NPs (e.g. aer ultraltration or cloud point extraction), 3, 4 studies have demonstrated that hyphenated techniques with ICP-MS are a powerful tool. The on-line combination of ICP-MS as the detector and separation techniques such as (gel) electrophoresis, [5] [6] [7] (hydrodynamic) liquid chromatography, 5, [8] [9] [10] [11] and most frequently, eld-ow fractionation techniques [12] [13] [14] [15] was applied to the characterization of NP-bound elements. Although these approaches principally allow the simultaneous detection of several elements bound to the particulate matter, they are laborious and time-consuming techniques with restricted detection limits, usually in the low mg L À1 range. Moreover, quantitative analyses are currently hampered by low recoveries during the separation and fractionation steps. This applies especially to eld-ow fractionation techniques. 16, 17 In this regard, post-channel species-unspecic on-line isotope dilution approaches have been suggested to improve the quality of quantitative results. 16, 18 In 2003, Degueldre et al. suggested the use of short dwell times to monitor individual manufactured NPs using an ICP-MS. 19 This methodology -called single-particle ICP-MS (spICP-MS) -has gained great importance in the characterization of metallic NPs.
Recent studies have investigated the fundamentals of spICP-MS and shown the main advantages of spICP-MS to be its simplicity and speed. 20, 21 Basically, three important pieces of information about a sample can be obtained: (i) the baseline signal is directly proportional to the soluble (non-particulate bound) fraction of the element of interest, (ii) the number of events (signals) can be correlated with the particle number concentration, and (iii) the signal intensity of each event can be converted into the mass fraction of the monitored element and allows the determination of its distribution within the NP sample. Using an external calibration and with the knowledge of the transport efficiency of the sample introduction system, the sample ow and the response factor, the observed signal intensities of the NP events can be converted into absolute masses. When the shape of the NP is known, the particle diameter can be calculated in a next step. In most cases, the shape is unknown. Typically, a solid, spherical shape is assumed. 21, 22 Several applications and improvements in terms of alternative sample introduction systems and data processing have been published recently. 20, [23] [24] [25] [26] [27] However, matrix effects can have an inuence on the detection sensitivity and the nebulization efficiency, causing the particle mass fraction to be overor underestimated. 22 In order to improve the robustness against matrix effects, isotope dilution analysis (IDA) was -to the best of our knowledge -rst suggested in 2013 (ref. 28 ) and later applied to the rapid size determination of Ag NPs in wastewater and river water.
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Based on the generally accepted methodology of spICP-MS, we present a proof-of-concept study on the combination of IDA and spICP-MS applied to the analysis of the size, size distribution and particle number concentration of Ag NPs as an example. The approach is described in detail for the use of a quadrupole mass spectrometer (QMS) as a mass analyzer with its well-known limitation of monitoring multiple isotopes sequentially. Following some basic considerations, the developed concept is compared to conventional spICP-MS for the determination of particle sizes, particle size distributions and particle number concentrations. Considering the example of a simulated seawater matrix, the results prove the matrixindependency of spICP-MS in combination with IDA. This approach is a promising tool for quantitative analysis of nanomaterials in complex matrices containing an element with minimum two isotopes detectable by ICP-MS. 
Experimental

Instrumentation
The experiments were carried out using an iCAP Q ICP-MS instrument (Thermo Fisher Scientic, Bremen, Germany). The experimental conditions are compiled in Table 1 . A Bandelin RK 100 H (Bandelin, Berlin, Germany) ultrasonic bath was used for sample sonication.
Sample preparation
The samples were prepared by dilution in Milli-Q water. The rst dilution step was sonication in an ultrasonic bath for 5 min before further dilution. The samples were always prepared freshly before the analysis.
For the imitation of a 1 : 20 diluted seawater matrix, sodium chloride with a concentration of 30 mmol L À1 was added to the nal dilution of the sample. An isotopically enriched 109 Ag aqueous standard solution was added to the samples for the isotopic dilution experiments. The used concentrations can be found in Table 3 . The Ag + concentration of the isotopically enriched 109 Ag standard solution was determined by inverse isotopic dilution analysis.
Determination of the transport efficiency
The transport efficiency was determined by using the particle number method described by Pace et al. 29 First, the particle number concentration N P of the NIST reference material RM 8013, Au NPs with a diameter d of 56 nm AE 0.5 nm (TEM), was calculated. The particle mass ow concentration c P of the diluted particle suspension was calculated using the given total Au concentration of 51.86 mg kg À1 AE 0.64 mg kg
À1
. The particle number concentration (N P ) is given by eqn (1) .
where r denotes the element density. In a second step, the transport efficiency h n was calculated as shown in eqn (2) .
where f(I P ) denotes the measured pulse frequency and q liq the sample ow rate.
Results and discussion
General considerations
In general, spICP-MS equipped with a QMS is limited to monitoring one isotope per integration time 30 as a single particle event has a duration of approximately 300-500 ms.
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The shortest dwell time available in the instrumentation applied here (iCAP Q) is 100 ms. This would result in 3-5 points per particle peak in conventional spICP-MS. As the goal of this work was to measure two isotopes sequentially, 2-3 points per NP peak on each isotope would be measured, which would not be sufficient and might result in a measurement of incomplete particle events. The latter is likely to result in false particle masses. Nowadays other QMS instruments can provide shorter integration times eventually useful for multiple isotope detection in spICP-MS. 31 This limitation can be principally overcome in time-of-ight (ToF) instrumentations as demonstrated recently, 32,33 but they might still lack sufficient sensitivity for monitoring smaller NPs. The remaining question, which we intended to explore, was whether a regular ICP-quadrupole-MS with typical conditions for spICP-MS can be used for the detection of two isotopes of the same element using conventional spICP-MS integration times.
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The idea behind this work was to use an ICP-QMS in single particle mode in combination with the well-established concept of species-unspecic isotope dilution analysis.
34,35
When a Ag NP enters the plasma, both isotopes ( 107 Ag and 109 Ag) can principally be used for its analysis thanks to the known natural isotopic abundance (and the determined mass bias). In QMS, the two isotopes will be measured sequentially, so that a single particle event -within the restricted time frame of e.g. 10 ms -can be only monitored in one of the two available isotopes. This increases the risk of incomplete particle events. 30 Furthermore, the change between the two masses requires a short stabilization time of the QMS, which in the case of the iCAP Q instrument are 1.38 ms from mass 107 to 109 and 0.67 ms for the reverse mass jump. During this stabilization time, the detector does not register and events cannot be observed. Using shorter dwell times (#5 ms) for both isotopes would result in a loss of particle events of at least 17%. As a result, 10 ms was the preferential dwell time (entire measurement cycle: 22 ms) in this study considering roughly 9% of undetectable particles.
In accordance with recent work, 22 the matrix effects in spICP-MS using an external calibration cannot be neglected in order to provide reliable results in terms of particle mass (size). To our experience, an aqueous matrix containing 30 mmol L À1 NaCl can easily induce a signal depression of 30% in the observed particle events leading to a signicant analytical error (data not shown). As matrix matching is not always possible, the use of an internal standard might provide more accurate results. In this work, isotope dilution analysis in combination with spICP-MS is applied to compensate the observed matrix effects. are the isotope abundances of the corresponding isotopes in the sample and the spike, respectively, and R(t) is the time-dependent measured isotope ratio.
IDA-spICP-MS
Based on the theoretical considerations mentioned above, diluted suspensions of Ag NPs of different sizes in the presence of the 109 Ag spike were introduced into the plasma. Fig. 1a shows a typical time-resolved scan of the two isotopes under the chosen experimental conditions (Table 1 ) with a measurement time of 10 min. The enriched
109
Ag signal showed intensities of around 320 000 cps. In this trace, the NP events that occur cannot be distinguished from the signal noise. The depleted isotope 107 Ag (Fig. 1b) revealed a relatively constant background signal of approximately 8000 cps corresponding to its low abundance in the isotopically enriched 109 Ag standard (1.77%).
The periodic particle events can be monitored as usual in spICP-MS. Consequently, all information on the NPs is stored in the trace of the depleted isotope, in this case 107 Ag. Due to the measurement of two isotopes and the required mass jumps, a maximum of 45% NP events can be detected in the depleted isotope. † As a consequence, relatively long acquisition times (10 min) were applied in this study in order to monitor minimum 1000 events. The histogram of the signals obtained by monitoring 107 Ag (Fig. 1c) demonstrates that the NPs can be easily distinguished from the background signals. The obtained signal distribution is equivalent to the results of the conventional spICP-MS for the analysis of a NP suspension containing dissolved species. The next step was to convert the obtained Ag signal intensities into Ag particle masses. A modied version of the single particle calculation tool developed by Peters et al. 22 was used for the particle size calculations using isotopic dilution. Based on the existing calculation tool, the cut-off between the background and the particle was selected visually from the signal distribution of the raw data. As a result, the signals were sorted into either a background or a particle signal. Note that any mass ow of the background different from the blank could be assigned to the concentration of the dissolved Ag + species. The mass ow of the background was then subtracted from the mass ow of the particles (eqn (5)). As some background corrected particle mass ow signals might show a negative value due to uctuations of the spike, further calculations were carried out using the positive signals only. with the addition of a 1 mg L À1 109 Ag solution. In Fig. 2a , it can repeatedly be observed that the particle events appeared in the depleted 107 Ag trace. The application of eqn (5), with the restrictions explained above, results in the corresponding mass ow presented in Fig. 2b . A comparison of Fig. 2a and b demonstrates that the number of NPs detected in the mass spectrum exactly coincided with the number of NPs observed in the mass ow. This nding supports the hypothesis that the selection of the particle events as described above included uniquely 'positive' events. By multiplying the obtained mass ow of the particles with the chosen integration time, the particle mass of each event was obtained. Through integration of the signals, the Ag particle masses were directly accessible ranging from approximately 0.81 to 1.78 fg and corresponding to particle sizes between 53 and 70 nm based on the spherical particle assumption. This represents an enormous advantage over the conventional spICP-MS experiments, in which the signal intensities need to be converted into masses by an external calibration. Exemplarily, the obtained masses for individual Ag NPs are marked in Fig. 2b to show the feasibility of the suggested approach. Under the assumption of spherical particles, the particle diameters d were calculated using eqn (6) .
where m P is the particle mass. The average size was determined to be 62 nm (>1000 particle events).
The next step was to evaluate the quality of the results in comparison to conventional spICP-MS. For this purpose, Ag NPs with different nominal sizes between 30 and 80 nm were analyzed applying the experimental conditions given in Table 1 Table 2 that the determined particle sizes did not depend on the added spike concentration. Further experiments are necessary to fully verify this nding. However, our result hints at the spike concentration being almost independent of the particle sizes present in the sample. Thus, no preliminary information about the size of the NPs would be needed. Secondly, the results obtained with the suggested approach using IDA-spICP-MS were in good agreement with those of the conventional approach. Both the average particle sizes (Table 2 ) and the histograms (results not shown here) did not show signicant differences. In addition to the particle sizes, the particle number concentrations were determined (Table 3) . For this, the number of events obtained for the isotope 107 Ag was ascertained for the measuring period and with the knowledge of the sample uptake rate converted into the particle number concentration. 23 In the case of IDA-spICP-MS, the needed time for an entire measurement cycle (22 ms) simply had to be related to the dwell time for Ag (10 ms) in which the particle events were observed. As demonstrated in Table 3 , the resulting values were in good agreement with those for the conventional spICP-MS approach.
In summary, the chosen experimental conditions permitted the analysis of Ag NPs with equivalent results obtainable by conventional spICP-MS. The IDA approach used here comprised the advantage of direct access to the particle mass (fraction) of differently sized Ag NPs.
Matrix inuence in spICP-MS
A general benet of IDA is that the matrix effects resulting in a change of detection sensitivity can be successfully eliminated. 36, 37 Besides that, the instrumental dris during the day are effectively compensated. These observations might also affect quantitative results during the use of spICP-MS with external calibration.
22 Therefore, the strong matrix effect of 30 mmol L À1 NaCl (corresponding roughly to the NaCl concentration in 20-fold diluted sea water) was used as an example to explore its inuence on the detection and the results of IDA-spICP-MS. Fig. 3 demonstrates the signal suppression of a Ag NP suspension containing the NaCl solution (Fig. 3b ) in comparison to that of Milli-Q water (Fig. 3a) . A decrease of nearly 70% of the 109 Ag + signal intensity was observed. Thanks to the concept of IDA, the matrix had the same impact on the depleted isotope including the particle events. The average intensity for the Ag NP events declined from approximately 60 000 to 20 000 cps. As an example, Fig. 4 shows the particle size histograms for NC60 NPs obtained under the chosen conditions. Although the histograms for IDA-spICP-MS were similar in terms of size maximum and distribution, the matrix showed strong inuence on the results obtained by spICP-MS with external calibration. A signicant shi from about 55 to 40 nm was observed considering the most abundant particle size. This tendency was conrmed by the analysis of further NP suspensions ( Table 4 ). The data for spICP-MS with external calibration clearly showed a signicant decrease (between 18 and 32%) in particle size aer the addition of NaCl. These observations reected the importance and inuence of matrix effects in spICP-MS for obtaining reliable results.
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In contrast, the values obtained with IDA-spICP-MS were not affected by the signal suppressions induced by the matrix. However, the slight decrease (about 10%) of the obtained particle sizes could be attributed to the following fact: as isotope dilution analysis can effectively compensate for any signal suppressions, the observed tendency might be related to a matrix-induced change of the transport efficiency of the solutions. The determined rates with and without matrix were 6.1 and 7.3%, respectively. The latter value is higher than the previously determined transport efficiency of 6.3% due to a replacement of the nebulizer and tubing. Additionally, it was noticed that the intensity of the NP is more inuenced by the signal depression by the matrix than the intensity of the spike. The latter results in lower diameters. For the NC60 NPs the average spike intensities of 628 478 cps without and 201 610 cps with the matrix, resulting in a ratio of 3.1, were found. The NPs showed the intensities of 55 576 cps without and 16 901 cps with the matrix at the peak maximum giving a ratio of 3.3. This is in good agreement with the NC40 and NC80 NPs for which the ratios of 2.2 (NC40, spike), 2.5 (NC40, NP), 3.5 (NC80, spike) and 3.9 (NC80, NP) were detected. The same transport and atomization efficiencies for both the NP and the spike are fundamental for this and the conventional spICP-MS approach. However, our results suggest that this might not always be the case. These two factors were already thoroughly investigated for slurry sampling.
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O'Hanlon et al. showed for example that the particles in the slurry with a size of 3-4 mm can have a smaller transport efficiency than a solution of the same element. 39 Therefore, parallels between single particle and slurry sampling analyses could be conceivable and should be further investigated. Unfortunately, IDA-spICP-MS cannot compensate for this noticed effect, but it shows again the importance of taking into account any matrix effects in spICP-MS. Further studies including the signal depression and transport efficiencies of the spikes and the NPs are necessary to comprehend the nding. These could for example include the investigation of the ionization regions of aqueous standard solutions and NPs in the plasma.
Conclusions
In this work, we present the combination of spICP-MS and IDA for the analysis of Ag NPs using an ICP-QMS. This method is based on the addition of an isotopically enriched 109 Ag + to the NP suspensions. With the application of a modied version of the post-column isotope dilution equation, equivalent results were obtained for the determination of particle sizes of Ag NPs between 30 and 80 nm in comparison to the conventional spICP-MS approach. The methodology presented herein was superior in terms of robustness for the analysis of samples containing a NaCl matrix as signal suppressions could be efficiently compensated. This nding is of great advantage when analyzing samples in unknown matrices -hence, where a matrix-matched external calibration is impossible. In addition to the work of Telgmann et al., 21 results on the particle size distribution and the particle number concentration were presented, again, being in good agreement with the conventional spICP-MS approach.
In future, it is expected that IDA-spICP-MS will have an important impact on the analysis of metallic NPs and will be a valuable tool for routine analysis.
In particular in combination with ICP-MS instruments that allow the simultaneous detection of various isotopes, like ICPToF-MS, 33 the possibilities include the simultaneous detection of NPs containing different elements without the necessity of external calibration. Challenges nowadays, however, include the instrument sensitivity as the signal intensities of particles with a nominal diameter of 30 nm or lower suspended in a NaCl matrix are close to the detection limit of the used ICP-QMS.
This combination is thought to become a very promising tool in complex matrices such as environmental or biological samples, which can potentially suppress the instrument sensitivity. a Average particle size (median particle size).
